Pyrrole (C 4 H 5 N) was embedded in low-temperature solid inert matrixes (argon, xenon; T ) 9 K) and both the monomer and low-order aggregates characterized by FTIR spectroscopy. The spectroscopic studies were complemented by extensive theoretical [DFT(B3LYP)/6-311++G(d,p)] structural and vibrational studies carried out for the monomer and their self-aggregates (up to four units). The calculated spectrum for monomeric pyrrole fits well those obtained immediately after deposition (at 9 K) of diluted matrixes, which can be prepared keeping the compound at low temperature before deposition and using low fluxes of the sublimate. Annealing of the matrixes to higher temperatures or increasing of the gaseous flux during deposition leads to aggregation, which can be easily recognized spectroscopically. On the basis of the theoretically predicted spectra for the monomer, dimer, trimers, and tetramers of pyrrole, assignments were proposed for the experimentally observed bands. It was also found that the formation of the hydrogen-bonded clusters shows a significant cooperativity effect, which was studied in detail and could be related with several structural and spectroscopic parameters. Infrared spectra of the pure solid compound at low temperatures in both amorphous and crystalline states were also studied and interpreted.
Introduction
Pyrrole (C 4 H 5 N) is a five-membered aromatic ring system containing one nitrogen atom. The pyrrole moiety is one of the ubiquitous heterocyclic structures throughout both the plant and animal kingdoms, because it is a subunit of both the hemes and the chlorophylls. The biosynthetically related vitamin B 12 is also a tetrapyrrole, as are the animal and plant bile pigments. Monopyrrolic natural products include porphobilinogen, the precursor of all natural pyrrole pigments based on the porphyrin or corrin nuclei, and a number of antibiotics, including the tripyrrolic prodigiosins, which have an entirely different biosynthetic origin. 1 This widespread appearance of the pyrrole moiety among biological molecules is mainly due to both its facility to polymerize and capacity to form N-H‚‚‚π hydrogen bonds with neighboring molecules. [2] [3] [4] [5] [6] [7] The gaseous phase of pyrrole has been studied long time ago by means of microwave spectroscopy 8, 9 and electron diffraction. 10 Very interestingly, Wilcox and Goldstein, the authors of the first microwave study on pyrrole (published in 1952), mainly addressed the question of whether the pyrrole molecule is completely coplanar or not (doubts existed at that time regarding the precise position of the hydrogen atom bonded to the nitrogen 11 ). Subsequent microwave studies of pyrrole and some of its isotopologues 9, 12 enabled researchers to answer affirmatively to this question and obtain the complete set of geometrical parameters for the molecule. Rotational transitions of the dimer were also identified in the microwave spectrum of pyrrole, and a partial structure for that species was determined. 13 The dimer was found to have an approximate T-shaped structure, the planes of the two pyrrole units forming an angle of 55.4°, with the nitrogen side of one ring directed to the π electron system of the other ring, forming a N-H‚‚‚π hydrogen bond.
High-quality structural calculations on pyrrole have been centered essentially on the study of the monomer. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] Lower level calculations on the pyrrole dimer have also been reported. [24] [25] [26] [27] [28] [29] In agreement with the microwave data, 13 and contrarily to the benzene molecule whose potential energy surface (PES) exhibits three different minima, [30] [31] [32] [33] the theoretical studies lead to the conclusion that the pyrrole dimer has a single T-shaped minimum on its PES. 24 At the DFT(B3LYP)/ 6-31++G(d,p) level of theory, 24 the interplanar angle between the two monomeric units was predicted to be ca. 73°. To our knowledge, no calculations regarding pyrrole self-aggregates of more than two units were performed.
The crystal structure of solid pyrrole was determined in 1997 by X-ray diffraction. 34 The crystal is orthorhombic, with four molecules per unit cell and characterized by an N-H‚‚‚π interaction between neighboring molecules. The strongest intermolecular interaction found in the crystal closely resembles that found for the gaseous phase dimer, with the N-H bond pointing almost directly at the midpoint of the C-C bond and intersecting the plane of the pyrrole ring at an angle of 70°at this point. The bond distances in the crystal were also found to be comparable to those obtained by microwave spectroscopy and predicted theoretically for the pyrrole monomer and dimer. 9, 12, 15, 24 Experimental vibrational spectra of pyrrole have been reported a long time ago. [35] [36] [37] Although the first infrared spectrum was published during the first decade of the 20th century, 38 the first comprehensive work on the vibrational spectroscopy of pyrrole was carried out in 1942 by Lord and Miller. 39 They published infrared and Raman data and presented band assignments for the compound and several deuterated isotopologues (N-D; C-D 4 and -D 5 ) in the liquid state. Within the next two decades, the vapor phase, liquid, and solution (in CCl 4 ) IR spectra of pyrrole and isotopically substituted derivatives were studied by Mirone and by Morcillo and Orza. 40, 41 The vibrational signature of the compound was found to obey to the predictions made based on a C 2V symmetry geometry for the monomer. [40] [41] [42] [43] Several empirical force fields were derived from these older spectroscopic results. [42] [43] [44] [45] More recently, the vibrational spectra of pyrrole were investigated under different experimental conditions: gas phase, 36 36, 56 and adsorbed on metal surfaces and zeolites. 59, 60 In some of these spectroscopic studies, the interpretation of the experimental data was supported by theoretical calculations undertaken at different levels of theory. 23, 24, 49, 50, 52, 58 In the recent years, the emphasis was put on the study of anharmonicity and assignment of overtones and combination tones. 16, 17, 20, 47, 51 Very interestingly, despite the previous extensive investigation of the vibrational spectra of pyrrole, this molecule has not been studied by matrix isolation spectroscopy yet. The high tendency of pyrrole to aggregate is, without any doubt, the main factor responsible for the difficulty in isolating the molecule in matrixes. Not surprisingly, among the simplest five-membered aromatic heterocycles (pyrrole, furane, and thiophene) only thiophene (the member that has the lowest tendency to aggregate) has already been isolated in matrixes. 61 In the matrix spectra, the effect of heterogeneous band broadening nearly vanishes in comparison with the condensed phase, and unlike the gaseous state, the fine rotational structure is completely absent. Furthermore, unlike the solutions, it is in principle possible to neglect the effect of an inert matrix environment on the structure of molecules. These factors result in a unique narrowing of bands in vibrational spectra (usually down to a few tenths of a wavenumber), which makes it possible to detect the band shifts of a few wavenumbers that are characteristic for the finest changes of a sample's structure. Moreover, because the inert matrix only slightly affects the structure of isolated molecules it is possible to compare directly matrix experimental results and theoretically calculated spectra. In addition, by controlling the deposition conditions and concentration of the matrixes and by annealing of the matrixes at proper temperatures it is possible to control the amount of aggregates present in the matrixes. All these characteristics of matrix isolation spectroscopy make it a very convenient method for investigating the vibrational signature and aggregation processes of pyrrole.
We have been developing a very efficient experimental procedure for isolation in low-temperature matrixes of volatile compounds exhibiting great tendency to aggregate, which takes advantage of the doubly thermostatable cell developed in our laboratory. 62 This fact encouraged us to apply our approach to the study of monomeric pyrrole and its self-aggregates isolated in low-temperature inert matrixes (Ar, Xe). The spectroscopic studies were supported by extensive theoretical [DFT(B3LYP)/ 6-311++G(d,p)] structural and vibrational studies of pyrrole and their small aggregates (up to four units). This strategy allowed us for the first time, not only to isolate pyrrole in matrixes and assign the bands corresponding to the monomer, but also to get a deeper insight into the vibrational spectroscopic manifestations of the self-aggregates of pyrrole and the Hbonding in this molecular system. Since hydrogen bonds can be expected to be the main intermolecular forces involved in pyrrole aggregates, the importance of hydrogen bond cooperativity on the stability of these species was here investigated in detail.
Experimental and Computational Methods
Infrared Spectroscopy. Pyrrole was obtained in spectroscopic grade from Argos Organics (99% purity). The IR spectra were collected on a Mattson (Infinity 60AR Series) Fourier transform infrared spectrometer equipped with a deuterated triglycine sulfate (DTGS) detector and a Ge/KBr beam splitter, with 0.5 cm -1 spectral resolution. Necessary modifications of the sample compartment of the spectrometer were made in order to accommodate the cryostat head and allow efficient removal of water and CO 2 vapors from the instrument by a stream of pretreated air.
In the matrix isolation experiments, a glass vacuum system and standard manometric procedures were used to deposit the matrix gas (argon, N60; xenon, N45; both obtained from Air Liquid). Matrixes were prepared by codeposition, onto the cooled CsI substrate of the cryostat, of the matrix gas and pyrrole placed in a specially designed doubly thermostatable Knudsen cell 62 with shut-off possibility whose main component is a NUPRO SS-4BMRG needle valve. The temperature of the cell can be controlled separately in the valve nozzle and the sample compartment, enabling a more precise control of the saturated gas pressure over the liquid pyrrole and a better metering function of the valve. Further details of the experimental setup can be found in ref 62 . All experiments were done based on an APD Cryogenics close-cycle helium refrigeration system with a DE-202A expander. The deposition temperature used was 9 K for both argon and xenon matrixes. After depositing the compound, annealing experiments were performed (T max ) 30 or 60 K for Ar and Xe, respectively).
The low-temperature solid amorphous layer was prepared in the same way as the matrixes, but with the flux of matrix gas cut off. The layer was then allowed to anneal at slowly increasing temperature up to 180 K. IR spectra were collected during this process every 10-20 K of temperature change.
Computational Methodology. All calculations were carried out with Gaussian 98 (revision A 3.0). 63 The DFT calculations were performed using the three-parameter density functional abbreviated as B3LYP, which includes Becke's gradient exchange correction 64 and the Lee, Yang, Parr correlation functional, 65 with the 6-311++G(d,p) basis set. 66 The level of theory was selected taking into consideration the available information on the good general quality of the B3LYP functional to deal with intermolecular forces, in particular, hydrogen bonding. [67] [68] [69] [70] All structures were optimized using the geometry direct inversion of the invariant subspace (GDIIS) method, 71 with the TIGHT convergence criteria defined in Gaussian. Calculations were undertaken with and without symmetry constrains, all calculations converging to the symmetrical structures discussed in detail in the next sections. For all calculated structures, vibrational frequencies were calculated at the same level of theory and scaled down by a single factor (0.978) to correct them for the effects of basis set limitations, neglected part of electron correlation, and anharmonicity effects. The value of the scaling factor has been chosen in consonance with previously reported calculations, performed at the same level of theory on other molecules containing first row elements and where H-bonding was found to play an important role. 69, 70, 72 Corrections to calculated energies due to basis set superposition error (BSSE) were obtained by the full counterpoise procedure. 73 For a complex between N molecules (N g 2), the BSSE correction is described by the following equation
where E(X i ) Xi represents the energy of molecule X i using its own basis functions and E(X i ) N represents the energy of molecule X i using the complete set of basis functions of the complex of N molecules. In both cases, the geometries used were those calculated for a given molecule in the complex. Intermolecular stabilization energies at 0 K (∆E int ) were calculated using the supramolecular approach, which is described as the difference between the energy of the supramolecular aggregate and that of the isolated monomers, corrected for BSSE.
Results and Discussion
Geometries and Energies. Figure 1 depicts the geometries and dipole moments of monomeric pyrrole and small selfaggregates up to four units. Calculated energies and geometries are given in Tables 1 and 2 .
The monomer shows C 2V symmetry, whereas the dimer has C s symmetry, with the interplanar angle between the two monomeric units equal to 71.6°. In the case of the trimer, three different structures were obtained: the lowest energy trimer has C 3h symmetry, being a cyclic structure where the angles between the H-bonded pyrrole units are 60.0°; the remaining two structures belong to the C s (zigzag) and C 2V (distorted double T-shaped) symmetry point groups and have energies 13.3 and 17.9 kJ mol -1 higher than the most stable form, respectively (reported energies were corrected for zero-point vibrational energy; see Table 1 ). The tetramer may exist in four geometries, from which the most stable is the four-membered cyclic structure with C 4h symmetry (in this case, the inter-ring angle is 90°). The other forms (flaglike, zigzag, and distorted triple T-shaped) correspond to species that can be considered as being directly derived from the three trimers (cyclic, zigzag, and T-shaped, respectively) by addition of one pyrrole molecule (see Figure 1 for details). The relative energies of these higher energy tetramers are 10.6, 21.2, and 27.8 kJ mol -1 , respectively.
For the dimer, the observation of a single minimum on the DFT potential energy surface is in consonance with the experimental evidence obtained by microwave spectroscopy. 13 Careful inspection of the potential energy surface of the dimer was undertaken in order to evaluate the possibility of the existence of other structures corresponding to minima, with negative results (for example, the π-π stacked structures converge to the T-shaped minimum, while the structure with the two N-H groups antiparallel was found to correspond to a second-order saddle point, with an energy higher than the minimum by ca. 4 kJ mol -1 ). According to the calculations made in the present work, the dimer of pyrrole has a distance between the centers of mass of the monomers of 452.9 pm, in fairly good agreement with the value estimated from experiment (411.6 pm 13 ). The good general agreement between the experimental and calculated geometries of the dimer (Table 2) is also reflected in the relatively good reproduction by the calculations of the observed rotational constants for this species (calculated A ) 2972.460, B ) 631.951, C ) 594.236 MHz, vs experimental A ) 2972.900, B ) 721.608, C ) 674.113 MHz).
For both the trimer and tetramer of pyrrole, there are no available experimental data. In addition, these species were not a Energies in kJ mol -1 ; structures are depicted in Figure 1 .
b Relative values to the most stable structure of the same N. c ∆E(HB) is the average energy of H-bonding and corresponds to the binding energy [E(N) -N × E(1)]/n(HB), where E(N) is the energy of the cluster, E(1) is the energy of the monomer, and n(HB) is the number of H-bonds in a given cluster. the subject of any previous theoretical study. For these aggregates, the cyclic structures appear as the most stable species due to the fact that all units of pyrrole are interconnected and can establish as many H-bonds as possible both as donor or single-acceptor species. In all the other possible geometries, some of the units of pyrrole do not have their H-bond donor or single-acceptor capabilities satisfied (see Figure 1 ), thus justifying their higher relative energies. The H-bond nature of the NH‚‚‚π intermolecular interaction in the aggregates of pyrrole is clearly revealed by the directional preference shown by this interaction, pointing to the middle of the C 3 -C 4 bond of the acceptor molecule, as well as by the significantly larger R(N-H) distance in the donor molecules when compared to the monomer. Figure 2 compares the individual R(N-H) calculated distances for each studied species and correlates the R(N-H) H-bonded average distance with the calculated energy per H-bond (corrected by BSSE) for the different aggregates. From this figure, the following main conclusions can be drawn:
(a) The R(N-H) distance in the hydrogen bonded acceptor molecules of the aggregates is slightly longer than that found in the monomer. When a molecule acts as a double H-bond acceptor, the R(N-H) distance increases a little bit more than when it is a single H-bond acceptor. As mentioned before, the H-bonds point to the C 2 -C 3 bond of the acceptor molecule, being favored by an increased electron density in this bond. In turn, this increase of electron density in the C 2 -C 3 bond requires that electrons be withdrawn from the opposite side of the molecule, including the N-H bond, thus justifying the observations.
(b) In H-bond donor molecules, the R(N-H) distance is significantly longer than in the monomer. When a molecule acts simultaneously as an N-H bond donor and acceptor, the R(N-H) distance attains its maximum value. This is particularly evident in the case of the cyclic trimer and tetramer, but does also occur for the central molecules of the zigzag trimer and tetramer and for the two molecules of the flaglike tetramer that are single H-bond acceptor species. On the other hand, when two H-bonds are established to the same acceptor molecule, the R(N-H) bond lengths of the donors assume values that are between those of the monomer and of a single H-bonded donor molecule. Hence, on one side these results point to H-bond cooperative effects in cyclic and chain (like zigzag) aggregates, leading to stronger H-bonds, while, on the other, they show that when two H-bonds are formed with the same acceptor molecule, the two bonds compete with each other, leading to weaker H-bonds. These conclusions are clearly revealed in the relative values of the calculated enthalpies of H-bonding (per H-bond) for the dimer (-9.88 kJ mol -1 ), which shall be here considered the reference value for an H-bond in pyrrole selfaggregates, cyclic trimer (-11.69 kJ mol -1 ), which reflects the strengthening of the H-bond due to cooperativity, and double T-shaped trimer (-8.57 kJ mol -1 ), where the two H-bonds are formed with the same acceptor molecule and compete with each other (see Table 1 ).
(c) Cooperativity effects are particularly evident in the fact that the strength of the H-bonds, as revealed by both R(N-H) distances ( Figure 2 ) and energies of H-bonding per H-bond (see Table 1 ), is substantially higher in the cyclic tetramer than in the cyclic trimer (the same can be stated for the corresponding zigzag species). Indeed, the cooperative effect in pyrrole selfaggregates can just be described as the enhancement in the strength of the H-bond interactions arising from the pyrrole units participating in more than one H-bond. Hence, the H-bond cooperativity can be quantitatively measured from the DFTcalculated energies per hydrogen bond, which are obtained by dividing the binding energy (the difference between the energy of a cluster and the total energy of their constituting units) by the number of hydrogen bonds present in the cluster ( Table 1) . The deviation of the average bond energy obtained in this way from that calculated for the dimer (which has only an H-bond and, consequently, has a binding energy that is coincident with the energy per H-bond) indicates the extent of H-bond cooperativity or H-bond cooperative enhancement (C, expressed in percentage in Table 1 ). Figure 3 displays graphically the relevant data to look at the cooperative enhancement in the different aggregates studied. As could be expected, cooperativity is more important for cyclic aggregates, and among them, it increases with the number of units. The cooperative enhancement (estimated on the basis of ∆H o (HB); see Table 1 and Figure  3a) for the cyclic tetramer is as large as 37%, i.e., nearly twice the equivalent value obtained for the cyclic trimer. Note that zero-point vibrational energy contributions are relevant to cooperativity enhancement values reported in Table 1 (and Figure 3a) , while BSSE corrections were not found to be so important (testifying the adequacy of the basis set used in the calculations). Zigzag aggregates do also exhibit important H-bond cooperative enhancements, while in the T-shaped structures the cooperativity does not exist at all. On the contrary, in the T-shaped aggregates H-bonding is dominated by the competitive effect of the H-bonds established with the same acceptor molecule that considerably weakens the interaction so that, on average, the H-bond strength is lower than in the dimer (see Figure 3b ) and the %C values are negative. The flaglike tetramer shows a small global cooperative enhancement, as a result of the opposite effects of the cooperativity associated with the H-bonds involving single H-bond acceptor molecules and the weakening contribution associated with the H-bonds involving the same acceptor molecule.
(d) Finally, the close relationship between the R(N-H) distances and the strengths of the H-bonds in the different species are also clearly shown in the correlation shown in Figure  2b between the average value of the R(N-H) H-bonded distances in a given aggregate and the corresponding calculated H-bond energy per H-bond (see also Table 1 ).
Besides R(N-H), other structural parameters, such as the R(NH‚‚‚π) hydrogen bond distance, can also be used as indicators of the strength of the intermolecular H-bonds in pyrrole aggregates ( Figure 4 ). As expected, among the species studied, the R(NH‚‚‚π) attains its minimum value for the cyclic tetramer (237 pm). In the case of all H-bonded molecules acting simultaneously as acceptors and donors to a molecule that accepts a single H-bond, R(NH‚‚‚π) stays within the 243-249 pm range (see Figure 4a ), whereas this distance is between 249 and 254 pm for molecules that act only as H-bond donors. Finally, also in consonance with the results obtained from the analysis of the R(N-H) bond length, the R(NH‚‚‚π) hydrogen bond distances in the molecules connected to an acceptor which is involved in two hydrogen bonds are (with a single exception) longer than 255 pm, clearly revealing once again the weaker character of the H-bond interaction in these cases.
R(NH‚‚‚π) can also be used to compare the H-bond strength in the pyrrole dimer and other H-bonded dimers involving NH‚‚‚π hydrogen bonding. The R(NH‚‚‚π) distance in the most stable pyrrole-indole, indole-indole and indole-pyrrole dimers (first molecule corresponds to the donor molecule) were found to be 256.4, 271.2, and 252.1 pm, respectively, 25,26 thus indicating that the H-bond is stronger in the pyrrole dimer [R(NH‚‚‚π) equal to 252.0 pm which is the DFT(B3LYP)/ Table 1 6-311++G(d,p)-calculated value obtained in this study. The R(NH‚‚‚π) distance that has been obtained at the same level of theory as the above-mentioned distances for the other dimers [DFT(B3LYP)/6-31++G(d,p)] is 247.5 pm, 24 i.e., still a bit shorter than the value obtained in the present study.] Interestingly, the H-bond is stronger when pyrrole acts as the acceptor and indole as the donor, thus correlating well with the pK a 's of the donor (for pyrrole, the pK a is 23.0, while for indole it is 21.0 74 ) and indicating a better ability of pyrrole to act as an H-bond π acceptor when compared with indole.
The distances between the centers of mass of the molecules constituting the different clusters ( Figure 5 ) can also provide useful information about geometrical preferences of the monomeric units in the different aggregates. The main conclusion that can be extracted from Figure 5 is that in all aggregates the distances between the centers of mass between neighboring molecules are identical to that found in the dimer (452.9 pm), ranging from 430 to 460 pm, while for molecules separated by one unit the distances spray through a larger range of values (650-940 pm). In the last case, the largest distances occur for H-bond donor molecules bound to a common acceptor molecule, as a consequence of both the nearly antiparallel alignment of the molecules and the weakest H-bonds found in these cases.
Vibrational Spectra for the Matrix-Isolated Compound. As mentioned in the Introduction, the high tendency of pyrrole to aggregate is the main difficulty for its isolation in a lowtemperature inert matrix. This inconvenience was solved by using the doubly thermostatable cell developed in our laboratory, 62 with a 2:1 water/acetone mixture as substance cooler and the valve nozzle kept at room temperature. Figure 6 shows the IR spectra obtained for the matrix-isolated compound in both argon and xenon matrixes (deposition temperature: 9 K), obtained using this procedure. The DFT-calculated spectrum of the monomer is also shown in Figure 6 for comparison.
The 24 vibrations of pyrrole (C 2V point group) span the irreducible representation 9A 1 + 3A 2 + 8B 1 + 4B 2 , with all but the three A 2 modes being active in the infrared and all modes being active in Raman. Since all bands are expected to occur above 450 cm -1 , all 21 IR active modes could in principle be observed under the experimental conditions used in this study.
As can be observed in Figure 6 , the calculated spectrum for the monomer fits nicely the most prominent bands in the experimental spectra. The assignment of the experimental spectra is presented in Table 3 , where the approximate descriptions of vibrational modes adopted are similar to those previously used by Xie et al. 37 The spectra obtained at 9 K in both rare gases are dominated by three very strong bands at ca. 3520, 720, and 480 cm -1 , which are assigned to the νN-H, γC-H sym, and γN-H vibrations. Both νN-H and γN-H are well-localized vibrations that have been shown to be quite sensitive to H-bonding. 75 The γC-H out-of-plane ring modes are also well-known to be sensitive probes of intermolecular interactions and packing. 76 These three spectral regions will then be considered in deeper detail later on in this paper to investigate pyrrole selfaggregation. The δN-H in-plane bending is considerably more delocalized than both νN-H and γN-H, 52 appearing at ca. 1135 cm -1 . The assignments for the remaining vibrations closely follow those reported previously for the compound in the gaseous phase 48 and are also in good agreement with the theoretical predictions. Despite this, a few comments shall be made here:
(a) As previously found for the compound in the gaseous phase, 48 a large number of overtones and combination bands were observed in the spectra of the matrix-isolated molecule. It shall be stressed that our observations fully confirm the assignments of these bands made by Klotz et al.; 48 in particular, all gas-phase bands assigned by those authors to subtractive combination bands and hot bands could not be observed in the matrix-isolated compound, as expected.
(b) When compared with the spectra obtained in argon matrixes, the spectra of the compound isolated in xenon exhibit more pronounced band splitting due to matrix-site effects and show systematically broader bands (see Figure 6 and Table 3 ). These results can be correlated with a larger inhomogeneity of the local environment around pyrrole molecules in the xenon matrixes and do also seem to indicate that the pyrrole molecules perturb to a larger extent the packing of xenon atoms, compared to argon.
(c) The structured band observed around 980 cm -1 (in argon) is assigned to the first overtone of the γN-H vibration, in all probability taking part in a Fermi resonance interaction with the δC-H asymmetric mode which also gives rise to the band observed at 1017.2 cm -1 . Compared to the gas phase, the γN-H mode appears blue shifted by ca. 10 cm -1 in the argon matrix spectrum. The observed shift in the fundamental mode thus correlates well with the frequency shift found in the overtone upon going from the gas-phase to the matrix isolation spectra (ca. 20 cm -1 ). In addition, also in agreement with the gas-phase results, 48 the γN-H mode is now shown to present a consider- able negative anharmonicity also in the case of the matrixisolated compound.
The change in the matrix concentration and annealing of the matrixes yield qualitatively similar results, with bands due to aggregates of pyrrole becoming noticeable in the spectra. Figure  7 shows the dependence with the concentration of the matrix of the most relevant spectral regions (results obtained in argon were selected for presentation due to the fact that the bands are narrower than in xenon and, as referred to above, less important site splitting occurs). In this figure, the calculated spectra of pyrrole and of its self-aggregates are shown for comparison (for both the trimer and tetramer only the spectra of the more stable cyclic structures are presented, since the relative energies of the other aggregates are high enough to prevent its population from being comparatively important in a low-temperature matrix).
In the νN-H stretching region (Figure 7a ), the spectrum of the less-concentrated matrix shows already traces of the dimer, represented by the shoulder at ca. 3510 cm -1 and features around 3410-3420 cm -1 , which are due to the νN-H stretching vibrations of the "free" and H-bonded N-H groups, belonging to the H-bond acceptor and donor molecule, respectively. At higher concentrations, bands due to higher aggregates appear in the spectra at frequencies lower than those corresponding to the dimer. The slightly lower νN-H stretching frequency observed for the acceptor molecule in the dimer when compared with the monomer is in consonance with the structural results that indicated that the participation of a pyrrole molecule as an H-bond acceptor decreases the electron density of the N-H bond, increasing the N-H bond length and reducing its stretching frequency. On the other hand, the H-bond enthalpy in the dimer can be estimated from the difference in the frequencies of the monomer and H-bond donor molecule in the dimer using the Iogansen's correlation: 77 (∆H) 2 ) 1.92(∆ν -40), where ∆H is expressed in kJ mol -1 . The value obtained from this empirical correlation, -11.45 kJ mol -1 , correlates well with the theoretical value presented in Table 1 (9.88 kJ mol -1 ). For the trimer and tetramer, the correlation yields ∆H equal to -12.84 and -14.12 kJ mol -1 , respectively, also in good agreement with the results predicted by the theoretical calculations presented in Table 1 (-11.69 and -13.54 kJ mol -1 ).
In the 1300-1100 cm -1 spectral region the monomer gives rise to three spectral features, the δC-H asymmetric bending mode where all C-H bonds bend in the same direction, the δN-H in-plane bending vibration, and the breathing mode, which appear at 1286.6, 1149.0, and 1136.7 cm -1 , respectively. In the spectra of the concentrated matrixes, the bands due to the aggregates emerged: the δC-H mode as a new band at 1267 cm -1 that, in consonance with the theoretical predictions shall contain contributions from dimer, trimer, and tetramer, and the two lower frequency modes as overlapped bands covering the spectral range of 1148-1140 cm -1 (see Figure 7b and Table 4 ). It is interesting to note that the calculations do not predict any substantial red shift in the frequency of the δC-H mode upon aggregation, while the experimental results show a red shift of ca. 20 cm -1 , indicating that this vibration seem to be particularly sensitive to effects of interactions with the matrix. On the other hand, the small observed shifts upon aggregation in both the breathing and δN-H in-plane modes are well predicted by the calculations.
The good prediction of the shifts due to aggregation by the theoretical calculations is particularly noticeable in the case of the modes appearing in the 1100-1000 cm -1 spectral range (see Figure 7c) . All three vibrations absorbing in this region are δC-H bending modes, and the calculations predicted that the two higher frequency bands should blue shift slightly, while the low-frequency mode should experience a very small red shift. It is noteworthy that the experimental observations fully confirm these predictions.
The expected frequency changes upon aggregation are predicted to be substantially larger in the case of the bands appearing in the lower frequency regions (below 900 cm -1 ; Figure 7d -f). In the case of the γC-H symmetric mode, which in the monomer absorbs at around 825 cm -1 , the calculations predicted considerable blue shifts (ca. 20 cm -1 ) for the units in the aggregates that act as H-bond donors, in perfect agreement with the experimental observations (see Figure 7d ). Also in agreement with the calculations, the frequency of the γC-H mode originating in the H-bond acceptor molecule in the dimer (826 cm -1 ) was found to be nearly the same as in the monomer. A similar situation occurs in the case of the second γC-H symmetric vibration occurring as a doublet of bands at ca. 720 cm -1 in the monomer (see Figure 7e ). As already mentioned, the γN-H mode could also be expected to be a good spectroscopic probe of the H-bonding in pyrrole aggregates. The relevant spectral region is displayed in Figure 7f for spectra obtained from matrixes with different concentrations of pyrrole. The frequency of this mode in the monomer was found to be ca. 483 cm -1 (in argon), i.e., slightly larger than that found in the gas phase (474.4 cm -1 48 ). The blue shift observed upon changing from the gas-phase to the matrix-isolated compound clearly reveals that the matrix packing forces make more difficult the out-of-the-plane movement of the N-H hydrogen atom (i.e., as expected, increase the force constant associated with this vibration). In the dimer, the "free" N-H group of the H-bond acceptor molecule is predicted by the calculations to give rise to a γN-H vibration blue shifted by ca. 40 cm -1 . The experimental value was found to be 30 cm -1 , in relatively good agreement with the theoretical predictions. Note that the ca. 10 cm -1 difference between the theoretical and observed shifts results essentially from the difference between the frequency of the matrix-isolated monomer and that of the monomer in vacuum (or in the gas phase). Then, the calculations seem to take into due account the direct effects of the dimerization on the γN-H frequency of the H-bond acceptor molecule in the dimer. The blue shifts due to the H-bonding in the H-bond donor molecules in the aggregates were predicted to be much larger (greater than ca. 100 cm -1 ) and reflect the relative strengths of the hydrogen bonds in the different aggregates, increasing with the size of the aggregate.
It was found 75 that the red shift of the νN-H stretching mode due to H-bond formation and the blue shift of the corresponding γN-H band correlate to each other as [∆γ( 2 ], γ (N-H) is the γN-H observed wavenumber of the monomer, and ∆ν(N-H) is the red shift of the νN-H stretching band. With the use of this empirical relationship, the γN-H frequencies of the donor molecules in the different aggregates were estimated from the observed red shifts of νN-H as being 560 cm -1 (dimer), 577 cm -1 (trimer), and 594 cm -1 (tetramer). The observed bands are centered at 560, 570, and 590 cm -1 , respectively (the DFT-calculated frequencies are 562.1, 579.5, and 583.4 cm -1 ; see also Figure 7f and Table 4 ).
Vibrational Spectra of the Pure Compound at Low Temperature. As described in the experimental section, pure pyrrole vapor was deposited onto the cold substrate of the cryostat, in order to obtain an amorphous film of the compound. The sample was then annealed up to a temperature above the glass transition, leading to the crystalline phase. Figure 8 shows the spectra collected immediately after deposition of the solid layer of pyrrole (amorphous state), in a stage where the crystallization has taken place partially and after complete crystallization of the compound.
To the best of our knowledge, no data have been reported previously for the low-temperature amorphous phase and only Loisel and Lorenzelli, in 1967, reported IR data on the crystalline phase of pyrrole at 77 K. 57 Table 5 shows the Figure 7 . Experimental spectra of matrix-isolated pyrrole in argon matrixes obtained immediately after deposition (T ) 9 K) for different pyrrole/ matrix ratios and calculated spectra for the monomer, dimer, and most stable trimer and tetramer. In the calculated spectra, the bandwidth of the Gaussian functions used to simulate the spectrum of the monomer (0.1 cm -1 ) was chosen to be narrower than those used to simulate the spectra of the aggregates (0.5 cm -1 ), in order to enable an easier graphical comparison with the experimental data. Hence, the relative peak intensities are not comparable. However, the relative integral intensities were kept as they were obtained in the calculations and are directly comparable. assignments now proposed for both the amorphous and crystalline phases and compares them with those made by Klotz et al. 48 for the pure liquid.
As could be anticipated, the spectrum of the amorphous phase closely reproduced that of the liquid phase. Upon increasing the temperature of the sample, structural reorganizations were induced which can be followed spectroscopically. At a temperature of ca. 150 K, the crystallization of the compound was observed. In different samples the exact temperature varies slightly ((5 K) as expected taking into consideration that glassyto-crystalline phase transitions are usually strongly dependent on a series of experimental parameters which are impossible to reproduce exactly, such as, for example, pressure, concentration, and dispersion of the material in the matrix.
The extension of the changes with temperature suffered by a given band is a measure of the participation of the molecular fragments involved in the H-bonding in the vibration associated with that band. 75 In general, an increase of structural order leads to a pronounced narrowing, intensification, and frequency shift of the bands due to vibrations with significant contribution from the H-bonded moieties. In the present case, it can be expected that these effects occur essentially in the bands ascribable to vibrations with relatively significant contributions from the N-H group. The bands due to νN-H (around 3370 cm -1 ) and γN-H (ca. 580 cm -1 ) clearly follow this trend (see Figure 8a,c) . Following the expected trends, 75 the stretching vibration red shifts upon going from the glassy state to the crystalline phase, while the out-of-plane bending vibration increases its frequency, clearly revealing that the strength of the hydrogen bonds increases. Besides these bands, whose behavior could easily be anticipated, a significant number of other bands do also vary considerably upon phase transition. This result reveals that in the H-bonded species the vibrational coupling is considerably more extended than in the monomer. In particular, the results show that the out-of-plane γN-H coordinate couples extensively with the symmetric torsional ring vibration (τ ring sym; which in the crystal gives rise to the doublet of bands at 657 and 673 cm -1 ; Figure 8c ) and the two γCH symmetric rocking vibrations (assigned to the bands appearing in the 750 cm -1 region and ca. 840 cm -1 ; Figure 8c) . The δN-H in-plane bending 6-311++G(d,p) ] Wavenumbers and Intensities for the Different Aggregates of Pyrrole a the bands at ca. 3050 (2 × δN-H), 2940 (2 × νCdC s.) , and 2560 cm -1 (νC-C + breathing)ssee Figure 8a .
An interesting observation extracted from the crystal-state spectrum of pyrrole is related with the presence in this spectrum of a band at ca. 1175 cm -1 , which is absent in the spectra of both the gas-phase 48 and matrix-isolated pyrrole; in the spectra of the amorphous phase a very low-intensity band appears near this frequency that can be the corresponding band for the compound in this phase, though this is uncertain, since no equivalent band has been observed for the liquid. 48 The 1175 cm -1 band in the spectrum of the crystal is here assigned to the first overtone of the γN-H out-of-plane bending mode, whose fundamental in this phase is observed at 590 cm -1 . This band could be expected to considerably intensify in the crystal, as compared with both the liquid and amorphous states, this fact justifying its nonobservation in these experimental conditions. In the gas phase and for the matrix-isolated pyrrole, the γN-H vibration absorbs at a much lower frequency (474.4 and ca. 483 cm -1 , respectively; see Table 2 ), and as discussed previously, its overtone gives rise to bands in the 960-995 cm -1 region (see Table 3 and Figure 6 ).
Conclusion
In this work, the structures of pyrrole and its self-aggregates up to the tetramer were optimized at the DFT(B3LYP)/ 6-311++G(d,p) level. Three different trimers and four different tetramers were found in the corresponding potential energy surfaces at this level of theory, with the cyclic structures corresponding to the most stable species. The R(N-H) and R(NH‚‚‚π) distances were successfully correlated with the relative strength of the H-bonds in the different aggregates studied.
H-bond cooperativity was also studied for all the aggregates analyzed. The cooperative enhancement was shown to increase with the cluster size, with C[∆H 0 (HB)] attaining the maximum value of ∼40% for the cyclic tetramer. The strength of the H-bonds among members of the same cluster size was also shown to be the main factor determining their relative energies.
Matrix isolation low-temperature FTIR spectroscopic studies allowed, for the first time, the isolation of monomeric pyrrole in argon and xenon matrixes. The IR vibrational signatures of pyrrole aggregates (up to tetramer), obtained either after annealing of the matrixes or by increasing the matrix concentration, were studied by comparing the experimental results with the calculated spectra for these species. The experimental results confirm the theoretical predictions regarding the H-bond cooperative effects in the pyrrole aggregates and fully support the assignments of the gas-phase spectrum of the compound made by Klotz et al. 48 The IR spectra of both the low-temperature amorphous state and the crystalline phase of pyrrole were also obtained and interpreted. The transition from the glassy state to the crystalline phase was observed around 150 K. The analysis of the spectra revealed that, in the crystalline phase, several modes have significant contributions from the N-H group, which can be clearly identified by taking into consideration the temperature dependence of the corresponding bands.
